function in cytoskeletal modifications that could affect
protein, we tested whether Unc51.1 phosphorylates hisbackground level of phosphorylation, and ⌬Sp, ⌬Sp/ K46R, and ⌬Sp-Cd showed no phosphorylation (Figure tone H1 or casein, commonly used exogenous substrates for in vitro kinase assays. Neither of these was 2B). The results suggest that the autophosphorylation site(s) is localized within the spacer region. Alternatively, phosphorylated (data not shown). We therefore carried out an autophosphorylation assay to test the catalytic the spacer region may have an essential function to positively regulate the catalytic activity of the kinase. activity of mouse Unc51.1 and an inactive kinase mutant, K46R. To produce an inactive form of Unc51.1 kinase, we mutated the lysine at position 46, which corresponds Murine Unc51.1 rescues Mutant Phenotypes in C. elegans to the conserved ATP binding lysine residue, to arginine (K46R). Many known protein kinases have a conserved
To determine whether murine Unc51.1 and C. elegans UNC51 are functionally related, we tested the ability of lysine in kinase subdomain II, mutations in which result in inactivation of the catalytic activity of the kinase a full-length murine Unc51.1 as well as several chimeric constructs consisting of domains from the murine and (Hanks et al., 1988). Wild-type and mutant Unc51.1 constructs were tagged amino-terminally with a FLAG epinematode genes to rescue the unc51 phenotype in C. elegans. The mutant strain we used in this rescue extope and transiently expressed in 293T cells. After immunoprecipitation with an anti-FLAG antibody (M2, Kodak), periment was unc51(e369), which has previously been shown to be rescued by introduction of a genomic fragimmunocomplexes were subjected to an autophosphorylation assay. While the wild-type kinase exhibited automent containing a full-length UNC51 gene (Ogura et al., 1994) . As shown in Table 1 , introduction of either the C. phosphorylating activity, the K46R mutant displayed only a background level of phosphorylation ( Figure 2B ). elegans UNC51 genomic fragment or the C. elegans UNC51 cDNA rescued the mutant phenotypes, as eviThis result demonstrates that the K46R mutation inactivated the catalytic activity of the kinase.
denced by an agarose assay. While no rescue was observed with the wild-type murine Unc51.1 gene, normal To localize the autophosphorylation site(s) within Unc51.1 protein, a series of deletion mutants were genlocomotion patterns in C. elegans were restored by expression of a chimeric transgene containing the murine erated ( Figure 2A ). The spacer region (⌬Sp) and the CЈ-terminal domain (⌬Cd) were deleted, as well as both kinase domain, murine spacer region, and C. elegans CЈ-terminal domain, or a chimera containing the murine the spacer region and the CЈ-terminal domain (⌬Sp-Cd). The K to R mutation was also introduced in ⌬Sp/K46R kinase domain, C. elegans spacer region, and C. elegans CЈ-terminal domain (Table 1 ). All three mutant phenoand ⌬Cd/K46R mutants. While ⌬Cd retained an autophosphorylating activity, ⌬Cd/K46R showed only a types, paralyzed, egg-laying defective, and dumpy, were (B and C) The above constructs were transiently transfected in 293T cells, and expressed proteins were purified by immunoprecipitation and subjected to an autophosphorylation assay (B) or Western blot (C ). Kinase activity is seen for wild type and the ⌬Cd mutant forms of Unc51.1. Wild type (1), K46R (2), ⌬Cd (3), ⌬Cd/K46R (4), ⌬Sp (5), ⌬Sp/K46R (6), and ⌬Sp-Cd (7).
restored by these chimeric transgenes. To test if the stages of development. The transcript was detected as early as embryonic day 13 (E13), when the cerebellar kinase catalytic activity is important for the rescue, we tested the K46R mutant. The chimeric constructs harprimordia is forming. Expression continued into adulthood, with an apparently uniform level of expression boring this mutation failed to rescue the uncoordinated phenotype of unc51(e369) mutant (Table 1) . To further during postnatal stages of development ( Figure 3B ). By RT-PCR, Unc51.2 was also expressed in granule cells assess the specificity of the kinase domain in rescuing activity, the Unc51.1 kinase domain of the chimeric conat the same stages (data not shown). By in situ hybridization, Unc51.1 transcripts were lostructs was replaced with that from the mouse cAMPdependent protein kinase and used in the rescue expericalized to several regions of the brain, including the cerebral cortex, cerebellum, olfactory bulb ( Figure 4E ), ments. This chimeric construct could not restore the mutant phenotype (Table 1 ), suggesting that the murine and hippocampal formation. In the developing CNS, expression was abundant in the cortex at E14, the rostral Unc51.1 kinase activity is indispensable for phenotypic rescue. migratory stream ( Figure 4F ) and the rhombic lip of the cerebellar anlage ( Figure 4A ). Prior neuroanatomical To assess the specificity of transgene overexpression in nematodes, we overexpressed the chimeric transgene studies have shown that the rhombic lip is the site of origin of precursors of the granule cell population of the containing the murine kinase domain with K46R mutation, C. elegans spacer region, and C. elegans CЈ-termicerebellum. Weak expression of Unc51.1 continued in the granule cell progenitor population during migration nal domain in wild-type C. elegans. Progeny carrying the transgene displayed uncoordinated and dumpy across the surface of the anlage to form the EGL. At P8, intense expression was detected in both the EGL, with phenotypes with various severity (data not shown). The phenotypes observed were closely similar to the phenoboth mitotic and postmitotic cells having abundant levels, and in the internal granular layer (IGL) (Figures 4B types of C. elegans unc51 mutants, suggesting a possibility that murine kinase with the K46R mutation could and 4D) where postmigratory granule cells are undergoing terminal differentiation and synaptogenesis. Expresfunction as a dominant negative reagent to specifically block the unc51 signaling pathway. sion was maintained in terminally differentiated cells in the IGL of the adult mouse ( Figure 4C ).
Unc51.1 Is Expressed in Developing and Mature Cerebellum
Unc51.1 Is Expressed in Granule Cells In Vitro To examine the tissue distribution of Unc51.1, mRNAs
To assess the expression of the Unc51.1 protein in cereisolated from various adult mouse (P60) tissues were bellar granule neurons, granule cells were purified from analyzed by Northern blot using a 1.2-kb fragment from P5 or P6 mouse cerebellum, a time period when granule the 3ЈUTR of Unc51.1. A single transcript of about 4.8 kb cell precursors are exiting the cell cycle and commencin size was detected in both neuronal and nonneuronal ing differentiation. Purified granule neurons were cultissue, including the cerebral cortex, cerebellum, kidney, tured in vitro for 48 hr and stained with a polyclonal testis, heart, and skeletal muscle ( Figure 3A ). In the antibody raised against Unc51.1. By antibody staining, developing cerebellar cortex, reverse transcriptionUnc51.1 protein was expressed both in cell bodies and polymerase chain reaction (RT-PCR) with RNA purified at various stages showed expression throughout the neurites of the granule cells, but not in glial cells ( Figure 5A ). . Some of these residues may serve as specific dergo directed migration along the processes of Bergmann glial fibers (Gao and Hatten, 1994). We therefore phosphorylation sites for other serine/threonine kinases to positively or negatively regulate the Unc51.1 function, cultured the slices for this period of time and monitored parallel fiber extension. Parallel fiber formation was visualthough no consensus phosphorylation sites for known protein kinases have been identified within the spacer alized by microscopy, using expression of the AP or GFP reporter gene to mark infected cells. The granule region to date. Phylogenetic analysis of the predicted protein seneurons infected with control pLIA virus extended long bipolar axons, migrated inward into the molecular layer quence using the catalytic kinase domains revealed that UNC51, Unc51.1, and Unc51.2 can be classified into a ( Figure 9B) , and adopted the T-shape morphology (Figure 9C) , which is characteristic of differentiated granule discrete subfamily among protein kinases. All three share significant homologies in the kinase domain, the neurons. By contrast, neurons infected with K46R virus extended very short, truncated axons and remained in spacer region, and the CЈ-terminal domain, and they did not share significant homologies with any other proteins the EGL at the surface of the cerebellum ( Figure 9A ). As shown in Figure 9D , while 75% of the cells infected with so far reported in the database. This strongly indicates that they constitute a subfamily of protein serine/threothe control virus extended long parallel fibers (Ͼ100 m), fewer than 20% of the cells infected with K46R nine kinase. 
Unc51.1 Is a Functional Counterpart of UNC51
elongation is conserved from C. elegans to mouse. The fact that rescue of the uncoordinated phenotype of the The chimeric molecule consisting of the mouse kinase domain, the mouse spacer region, and the nematode unc51 mutant required the C. elegans CЈ-terminal domain suggests that the CЈ-terminal domain has a spe-CЈ-terminal domain could completely rescue the uncoordinated phenotype when expressed as a transgene cies-specific function, despite the fact that the nematode and murine CЈ-terminal domains share a significant in the unc51(e369) mutant worm. This demonstrates that Unc51.1 is a functional counterpart for the C. elegans degree of homology (48.8%, see Figure 1B ). The importance of the carboxy-terminal tail of UNC51 kinase has gene and suggests that the role of Unc51 kinase in axon gene was sufficient to inhibit neurite outgrowth. Thus, suggests that both murine kinases share the same subthe kinase domain of Unc51.1 is critical to its function strates and/or regulatory molecules, and that they have in granule cell differentiation. Structure/function studies overlapping functions or are functionally redundant. also indicated an important role for the carboxy-terminal As described above, expression of Unc51.1/K46R in tail in Unc51.1 function. Removal of all or a part of the differentiating granule cells caused drastic morphologitail reduced the dominant negative effect of the K46R cal changes, especially in neurite formation. We have mutation, whereas expression of the truncation mutants eliminated the possibility that the observed effects were without the K46R mutation did not influence granule cell attributable to alterations in AP marker gene expression neurite extension in vitro. These data, together with the or transport down existing neurites by examining actin in vitro kinase assay results, suggest that the carboxydistribution in the infected cells (data not shown). We terminal tail of the Unc51.1 plays an essential role for have also excluded the possibility that the K46R-regulating kinase activity. The tail may either support infected cells are just simply dying by DAPI staining, the catalytic activity of the kinase, or tether this kinase to confirming that infected cells have normal nuclear morits unknown regulatory molecule(s), or otherwise anchor phology. The fact that the neurite truncation effect could this kinase to some specific compartments within the partially be rescued by concomitant expression of the cell, where the kinase could exert its function normally. wild-type kinase suggests that the phenotype observed These three possibilities are not mutually exclusive, and is attributable to specific loss of Unc51.1 kinase activity more studies are necessary to examine the biochemical in neurons. No staining was detected with sense probes after a prolonged incutemplate for PCR, using the following cycling parameters: 94ЊC for bation period. 30 s, 37ЊC for 30 s, 2 min ramp to 72ЊC, then 72ЊC for 1 min for the first two cycles, followed by 94ЊC for 30 s, 54ЊC for 30 s, and 72ЊC for 1 min for 35 cycles. PCR products were separated on 5% polyPlasmid Construction A full-length cDNA for Unc51.1 and its FLAG-epitope tagged version acrylamide gel electrophoresis and DNA fragments of desired size were excised, subcloned in a pBluescript II KS ϩ (Stratagene), and of cDNAs were subcloned in pcDNA3 (Invitrogen). The FLAG-epitope tag was introduced at the amino terminus of the coding region by sequenced. One clone, 158 bp in size, showed 69% identity at the nucleotide level to the corresponding region of UNC51. To isolate PCR using a primer, 5Ј-CGGAATTCGCTATGGACTACAAAGACGAT GACGACAAGGAGCCGGGCCGCGGCGGCGT-3Ј. The K to R point a full-length cDNA for this clone, 1 ϫ 10 6 independent clones from adult mouse brain cDNA library (gt10, random primed, Clontech), mutation in Unc51.1 was introduced by PCR using the following primers; 5Ј-GTGGCCGTCCGCTGCATTAAC-3Ј, 5Ј-GTTAATGCAGC and 8 x 10 5 independent clones from P6 C57BL/6J mouse cerebellum cDNA library (ZAPII, oligo dT primed, a gift from G. Dietz) GGACGGCCAC-3Ј. The K to T point mutation in Unc51.2 was also introduced by PCR using the following primers; 5Ј-GTGGCTATT were screened with the above PCR-derived fragment as a probe, according to the standard procedures. Several overlapping clones ACAAGTATTAATAAAAAG-3Ј, 5Ј-CTTTTTATTAATACTTGTAATAG CCAC-3Ј. To tag the cDNA with myc epitopes, the full-length and a single full-length cDNA clone, termed Unc51.1, were obtained from each library and sequenced in its entirety in both directions Unc51.1 deleting the first methionine was first subcloned in pCS2ϩMT vector (a gift from D. Turner), and the insert including six using an automated DNA sequencer (ABI 377). The sequence around the initiation ATG codon was GCTATGG, which is compatible with consecutive myc epitopes were excised by HindIII and Xmn1, bluntended by Klenow fragment, and transferred in a SnaB1 site of the the Kozak rule (Kozak, 1987) . This sequence was preceded by highly GC-rich nucleotides, which is characteristic to the 5Ј-untranslated retroviral vector pLIA (a gift from L. Lillien), which harbors an IRES-AP cassette, a devise to visualize infected cells by a simple AP regions (5ЈUTR) for most of the mammalian genes. The 3ЈUTR spanned ෂ1.7 kbp followed by a polyadenylation signal (AATAAA) colorimetric reaction (Lillien, 1995). As an alternative means to visualize infected cells, IRES-EGFP1 cassette (EcoR1-Xho1) was exand a poly(A) tail (GenBank accession number AF072370). The mouse Unc51.2 was identified during an EST database search cised from pIRES-EGFP vector (Clontech) and replaced with IRES-AP (EcoR1-Sal1) of pLIA to generate a GFP retroviral vector. The (W29537) using the sequence of Unc51.1 kinase domain as a query. A full-length Unc51.2 cDNA was obtained by screening mouse cDNA wild-type Unc51.1 and the K46R mutant, the wild-type Unc51.2 and the K39T mutant were subcloned into an EcoR1 site of pLIA or the libraries as described above (GenBank accession number AF145922 then incubated in AP buffer (100 mM NaCl, 100 mM Tris-Cl [pH 9.5], containing 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride. 50 mM MgCl 2 ) containing 0.33 mg/ml NBT, 0.17 mg/ml BCIP, and The detergent soluble fraction was recovered after centrifugation 0.24 mg/ml levamisole at room temperature overnight, and mounted. (100,000 ϫ g for 1 hr at 4ЊC), incubated with 3 g of a M2 monoclonal For detection of infected granule cells on slices, Tyramide signal antibody (Kodak) for 1 hr at 4ЊC, and subsequently with protein amplification (TSA) system (NEN Life Science) was used with the G-Sepharose beads for additional 1 hr. Immunocomplexes were anti-AP antibody (1:1000) according to the manufacturer's instrucused for kinase assay as described (Nikolic et al., 1998) . Samples tions and observed with the confocal microscopy. were loaded on 10% SDS-polyacrylamide gel electrophoresis and autoradiographed. Half of the immunocomplexes were saved for
To assess the stage of development of granule cells expressing K46R, cells were infected with a control virus (A, C, and E) or with a virus expressing Unc51.1/K46R (B, D, and F) and then either exposed to BrdU (A and B) or labeled with markers of early stages of neurite outgrowth, TAG-1 (C and D) and class III ␤-tubulin (E and F). After 24 hr in vitro, granule cells infected with the control virus (red) are not labeled with BrdU (green) (A). Cells expressing Unc51.1/K46R (red) are also unlabeled (B). In (C-F), whereas control cells are double-labeled with the marker gene (GFP, green) and antibodies against TAG-1 (C) (red) or TUJ1 antibodies against class III ␤-tubulin (E) (red), yielding a yellow color, cells that express

